F ollowing the discovery of the Buchner−Curtius−Schlotterbeck reaction over a century ago, 1 the interactions between carbonyl compounds and diazo compounds have been extensively studied. 2, 3 These methods constitute a powerful synthetic tool for C−C bond formation, especially for the extension of carbon chains and for the construction and decoration of ketones. 4−6 However, the controlled formation of aldehyde products using diazo chemistry is not a simple task; carbonyl groups and diazo compounds are highly reactive coupling partners. The reliable and safe generation of nonstabilized diazo compounds is currently an area of intense research, 7−10 and one our laboratory has been interested in due to the application of flow chemistry as an enabling technology 11−13 to overcome the safety issues traditionally associated with diazo compounds. 14−16 Following the pioneering work from Warkentin and co-workers, 17, 18 we have recently published two reports on the use of oxadiazolines as benchstable, nonstabilized diazo compound precursors and their application in protodeboronative and oxidative C(sp 2 )−C(sp 3 ) cross-coupling with boronic acids 19 and aldehyde C−H functionalization to afford unsymmetrical ketones. 20 During this work, two reports in the literature caught our attention (Scheme 1). Kingsbury and co-workers demonstrated a Lewis acid catalyzed double homologation reaction by combining ex situ prepared diazo compounds and the flashpyrolyzed preparation of anhydrous formaldehyde (Scheme 1, A), 21 and Hu et al. reported an interesting three-component coupling of aryldiazoacetate, aniline, and aqueous formaldehyde (Scheme 1, B). 22 Both of these reactions passed through, but did not stop at, the aldehyde oxidation state on the way to a final product, either the doubly homologated ketone or the α-aryl serine derivative. These examples encouraged us to control the homologation reaction and stop at the aldehyde product in as simple a manner as possible and without the use of a protecting group strategy. Herein, we report the controlled homologation of nonstabilized diazo compounds generated from bench-stable precursors in flow to form aldehydes and their derivatives (Scheme 1, C).
Our investigation began by combining 2-tetralone oxadiazoline 1a with different sources of formaldehyde under UV irradiation (Table 1) . Common formaldehyde surrogates trioxane and dioxolane both delivered only trace amounts of the desired aldehyde product 3a despite almost complete conversion of the oxadiazoline starting material (entry 1 and 2). 23 While we established our first success using a stock solution of monomeric formaldehyde created via thermolysis of paraformaldehyde, 24 resulting in a 55% yield of the desired aldehyde (entry 3), practical considerations of the procedure and the propensity of the stock solution to polymerize without warning on warming above −78°C made this an unattractive approach. We then turned our attention to formalin, a 37% aqueous solution of formaldehyde, which pleasingly gave a modest isolated yield (48%) of the target aldehyde (3a, entry 4). 25 Lowering the reaction temperature to 10°C led to a diminished conversion and yield (entry 5), while a decrease in the reaction concentration did not result in an improved yield despite a higher conversion (entry 6). Elongating the residence time to 80 min improved both conversion (87%) as well as yield (60%) (entry 7). Formaldehyde ratio changes were ineffective (entry 8 and 9) . Similarly, switching to tetrahydrofuran also marginally lowered the yield to 41%, while with dichloromethane this dropped to 12% (entry 10 and 11).
After multiple reaction optimization attempts, we accepted the isolated yield of aldehyde of around 50%, albeit with a higher conversion of the oxadiazoline. On further examination of the crude sample mixture, along with the required aliphatic aldehyde we found a significant amount of hydrated material was also present. At no time did we observe more than 10% of the doubly homologated ketone. We presume that formation of the hydrate, due to the presence of a large amount of water in the reaction media, acts as an in situ protecting group, and this, coupled with a very low concentration of diazo compound throughout the course of the reaction, disfavors double homologation. We further observed that over an extended period of time the corresponding carboxylic acid product was formed, most likely as a result of an aerobic oxidative transformation, which is not uncommon for aldehydes of this type.
Also owing to the volatility of some of the aldehydic products, we decided to directly reduce the crude mixture with sodium borohydride (NaBH 4 ), thereby converting the products into the corresponding alcohol (4a), resulting in an improved yield of 60% over two steps ( Table 2 , entry 1). We also saw this procedure as a way of storing these unstable aliphatic aldehydes through recycling via a secondary oxidation process back to aldehydes should this be necessary. To further exemplify the method and to better capture the unstable and sometimes volatile small-molecule products, the crude aldehydes were additionally subjected to oxidative condensation with o-phenylenediamine following a modified procedure originally reported by Jiao et al. 26 This procedure gave 2-substituted benzimidazole (5a) from 1,2,3,4-tetrahydronaphthalene-2-carbaldehyde (3a) via in situ generated aliphatic aldehyde in an overall 72% isolated yield ( Table 2 , entry 1).
With these various conditions in hand, we set about examining the scope of the reactions (Table 2) . Tetrahydropyran substrate (1b) was able to produce the corresponding aldehyde (3b) in a 48% yield while providing 53% of alcohol (4b) and 76% benzimidazole (5b). Similarly, tetrahydrothiopyran (1c), tetrahydrothiophene (1d), and cyclohexyldioxolo (1e) derivatives all underwent these three individual transformations to give products (3c−e, 4c−e, and 5c−e) in reasonable yields (entries 3, 4, and 5). As for nitrogen-based functional groups, Boc-protected amine (1f) and N-pyrimidinyl piperidine (1g) were also tolerated (entry 6 and 7). Bulky 2-adamantyl aldehyde (3h) was isolated in 68% yield, together with 75% of 2-adamantanemethanol (4h) and 79% of 2-adamantylbenzimidazole (5h). Lastly, cyclobutyl oxadiazoline (1i) did not give useful isolated yields owing to aldehyde and alcohol volatility (3i and 4i), although the formation of 2-cyclobutylbenzimidazole was achieved in 59% yield (5i).
Except for methoxynaphthalene substrate (3j, entry 10), the α-methyl aldehydes we obtained have displayed a tendency toward hydration or aerobic oxidation, thus resulting in low crude NMR yields and difficulty in isolation (3k−p), which is well-known for similar materials. The efficiency of the reaction was generally better represented by comparing the yield of alcohols and benzimidazoles. In some cases, such as 5-hydroxy-2-methylpentanal (3k), homologated product was identified as 81% of the hydrated form when only 4% of aldehyde was observed in NMR analysis, even though 66% of alcohol product (4k) was isolated over two steps. Pyridine (1l) and furan (1m) were all successfully homologated into the corresponding products (4l,m, 5l,m), respectively (entries 12 and 13). Alkyne-and alkene-substituted oxadiazolines (1n, 1o) both gave reasonable isolated yields as aldehyde derivatives (4n, 5n,o), with alkyne substrate produced lower yield arguably owing to larger steric hindrance (5o). Even though 2-cyclopropylpropanal (3p) and 2-cyclopropylpropan-1-ol (4p) were not able to give good isolated yields, the formation of 69% of 2-(1-cyclopropylethyl)benzimidazole (5p) proved the effectiveness of oxadiazoline as a successful diazo precursor for homologation. Many of these products can be thought of as branched, or iso, aldehydes which would be difficult to prepare b Aldehyde reduced directly with NaBH 4 (10 equiv, 0.5 M) in ethanol.
c Aldehyde reacted with o-phenylenediamine (1.5 equiv, 0.075 M) in toluene.
d NMR yield, calculated using 1,3,5-trimethoxybenzene as an internal standard.
e Not determined due to volatility or product contamination. f 81% of the product identified as the hydrated form.
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Note through traditional methods such as hydroformylation, particularly in the presence of alkenes or alkynes.
The homologation reaction of oxadiazolines obtained from ketones has provided us with satisfying results toward α,α-disubstituted branched aliphatic aldehydes. However, similar oxadiazolines generated from aldehydes are difficult to obtain, which therefore obstructed the access toward linear aldehydes. To overcome this difficulty, we applied an alternative route to diazo compounds generated from hydrazones, prepared from the corresponding benzaldehydes according to our previously reported procedure. 27, 28 With the help of a glass static mixer chip, an ethyl acetate solution of diazo compound was combined with 37 wt % aqueous formaldehyde solution in line, and the resulting homologated aldehyde product was collected in the output stream and purified (Table 3 , 7a−c) or extracted and reduced directly to the corresponding alcohol in good yields (8a−c). No attempt was made to further exemplify this procedure, although it should be noted that the method does overcome classical issues associated with phenacetaldehyde preparation.
We present a mild, operationally straightforward procedure for the overall homologation of ketones and aryl aldehydes via nonstabilized diazo compounds in flow. The route complements other homologation methods while avoiding expensive and reactive transition-metal catalysts and uses formalin as a cheap and readily available source of carbon.
■ EXPERIMENTAL SECTION
General Information. All batch reactions were performed under an atmosphere of nitrogen using oven-dried glassware unless otherwise stated. UV flow reactions were performed using a Vaportec E-series and UV-150 system. Hydrazone flow reactions were performed using a Uniqsis FlowSyn platform. Reagents were purchased from Sigma-Aldrich, Alfa Aesar, Acros, and Fluorochem and were used as supplied unless stated otherwise. 2-Methyltetrahydrofuran (2-MeTHF, anhydrous, inhibitor free, ≥99.9%) and tetrahydrofuran (THF, anhydrous, inhibitor free, ≥99.9%) were purchased from Sigma-Aldrich and used as supplied. Workup solvents were employed directly from commercial sources, i.e., Sigma-Aldrich, Low-resolution mass spectrometry was performed on a Advion Expression CMS spectrometer. High-resolution mass spectrometry (HRMS) was performed using positive or negative electrospray ionization (ESI+) by the Mass Spectrometry Service for the Chemistry Department at the University of Cambridge.
Melting points were recorded on a Stanford Research Systems OptiMelt automated melting point system.
The oxadiazolines 1a−p were synthesized according to the precedent literature procedure without further modifications. 19 The hydrazones 6a−c were synthesized according to the precedent procedure published by our group. 28 All compounds listed in the paper are >95% purity. Some products appear to be very hydroscopic and, therefore, contain 0.2−0.5 molar equiv of water (2−5 wt %) in the 1 H NMR spectra as shown below. Volatile compounds are reported with minor solvents. Inseparable impurities are noted.
Synthesis of Aliphatic Aldehydes. General Procedure A for the Synthesis of Aliphatic Aldehydes. A solution of the appropriate oxadiazoline (1.0 equiv, 0.05 mmol/mL) and formaldehyde (10 equiv of aqueous solution, 37% w/w) in 2-MeTHF (0.5 mol/mL) was pumped (0.125 mL min −1 , t R = 80 min) through a Vaportec UV-150 photochemical reactor (10 mL, FEP tubing) while being irradiated by a 310 nm UV lamp (output power: 9W) held at 20°C. The reactor output was monitored using a Mettler Toledo FlowIR instrument (SiComp head, bands of interest: CO stretch signal at 1750−1700 cm −1 for methyl acetate, generated by the decomposition of oxadiazoline). Once the FlowIR detector showed the signal of the reaction slug, the output stream was collected in a sealed sample vial containing a biphasic solution of dichloromethane and brine with stirring to separate excess formaldehyde and other potential impurities. The collected material was rested, and the organic phase was separated and concentrated under reduced pressure. The remaining residue was purified via flash silica gel column chromatography with appropriate eluent combination to give the desired product.
1,2,3,4-Tetrahydronaphthalene-2-carbaldehyde (3a). General Procedure A was followed using 5′-methoxy-5′-methyl-3,4-dihydro-1H,5′H-spiro(naphthalene-2,2′- [1,3, Tetrahydro-2H-pyran-4-carbaldehyde (3b). General procedure A was followed using 3-methoxy-3-methyl-4, 8- Tetrahydro-2H-thiopyran-4-carbaldehyde (3c). General procedure A was followed using 3-methoxy-3-methyl-4-oxa-8-thia-1,2-diazaspiro Tetrahydrothiophene-3-carbaldehyde (3d). General procedure A was followed using 3-methoxy-3-methyl-4-oxa-7-thia-1,2-diazaspiro[4.4]non-1-ene (37 mg, 0.2 mmol, 1.0 equiv) and formaldehyde (0.16 mL, 37 wt % in H 2 O, 2.0 mmol, 10 equiv). An 85% NMR yield was calculated using 1,3,5-trimethoxybenzene (11 mg, 0.066 mmol, 0.33 equiv) as an internal standard. The crude mixture was purified via flash column chromatography (0−20% EtOAc in petroleum ether) to give the titled product as a colorless volatile oil (17 mg, 75%) with less than 10% of dichloromethane: tert-Butyl 4-Formylpiperidine-1-carboxylate (3f). General procedure A was followed using tert-butyl 3-methoxy-3-methyl-4-oxa- . The data presented are consistent with literature precedent. 34 Adamantane-2-carbaldehyde (3h). General procedure A was followed using 5′-methoxy-5′-methyl-5′H-spiro[adamantane-2,2′- 4-(6-Methoxynaphthalen-2-yl)-2-methylbutanal (3j). General procedure A was followed using 2-methoxy-5-(2-(6-methoxynaphthalen-2-yl)ethyl)-2,5-dimethyl-2,5-dihydro-1,3,4-oxadiazole (126 mg, 0.4 mmol, 1.0 equiv) and formaldehyde (0.3 mL, 37 wt % in H 2 O, 4 mmol, 10 equiv). The crude mixture was purified via flash column chromatography (0−20% EtOAc in petroleum ether) to give the titled product as a transparent oil (55 mg, 57%) together with 7% of oxidized carboxylic acid: 1 The reaction slug from general procedure A was directly collected into a round-bottom flask containing NaBH 4 (10 equiv) in EtOH (0.5 mmol/mL) and stirred for a further 1 h. The resulting mixture was then quenched with ice−water, extracted with ethyl acetate (2 × 20 mL), and washed with brine (2 × 20 mL). The organic phase was combined, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The remaining residue was purified via flash column chromatography with appropriate eluents to give the desired alcohol.
(1,2,3,4-Tetrahydronaphthalen-2-yl)methanol (4a). General procedure B was followed using 5′-methoxy-5′-methyl-3,4-dihydro-1H,5′H-spiro . The data presented are consistent with literature precedent.
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(Tetrahydrothiophene-3-yl)methanol (4d). General procedure B was followed using 3-methoxy-3-methyl-4-oxa-7-thia-1,2-diazaspiro[4.4]non-1-ene (37 mg, 0.2 mmol, 1.0 equiv), formaldehyde (0.16 mL, 37 wt % in H 2 O, 2.0 mmol, 10 equiv), and sodium borohydride (76 mg, 2.0 mmol, 10 equiv). An 89% NMR yield was calculated using 1,3,5-trimethoxybenzene (11 mg, 0.066 mmol, 0.33 equiv) as an internal standard. The crude mixture was purified via flash column chromatography (0−40% EtOAc in petroleum ether) to give the titled product as a colorless oil (18 . The data presented are consistent with literature precedent. 39 tert-Butyl 4-(Hydroxymethyl)piperidine-1-carboxylate (4f). General procedure B was followed using tert-butyl 3-methoxy-3-methyl-4-oxa-1,2,8-triazaspiro[4.5]dec-1-ene-8-carboxylate (57 mg, 0.2 mmol, 1.0 equiv), formaldehyde (0.16 mL, 37 wt % in H 2 O, 2.0 mmol, 10 equiv), and sodium borohydride (76 mg, 2.0 mmol, 10 equiv). The crude mixture was purified via flash column chromatography (10− 50% EtOAc in petroleum ether) to give the titled product as a colorless oil (23 
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(Adamantan-2-yl)methanol (4h). General procedure B was followed using 5′-methoxy-5′-methyl-5′H-spiro[adamantane-2,2′- 4-(6-Methoxynaphthalen-2-yl)-2-methylbutan-1-ol (4j). General procedure B was followed using 2-methoxy-5-(2-(6-methoxynaphthalen-2-yl)ethyl)-2,5-dimethyl-2,5-dihydro-1,3,4-oxadiazole (98 mg, 0.4 mmol, 1.0 equiv), formaldehyde (0.3 mL, 37 wt % in H 2 O, 4 mmol, 10 equiv), and sodium borohydride (153 mg, 2.0 mmol, 10 equiv). The crude mixture was purified via flash column chromatography (10−40% EtOAc in petroleum ether) to give the titled product as a yellow oil (73 mg, 75%): 2-Methyl-3-(pyridin-4-yl)propan-1-ol (4l). General procedure B was followed using 2-methoxy-2,5-dimethyl-5-(pyridin-4-ylmethyl)-2,5-dihydro-1,3,4-oxadiazole (88 mg, 0.4 mmol, 1.0 equiv), formaldehyde (0.3 mL, 37 wt % in H 2 O, 4 mmol, 10 equiv), and sodium borohydride (153 mg, 2.0 mmol, 10 equiv). The crude mixture was purified via flash column chromatography (30−70% EtOAc in petroleum ether) to give the titled product as a transparent oil ( 44 2-Methylhex-5-en-1-ol (4n). General procedure B was followed using 2-(but-3-en-1-yl)-5-methoxy-2,5-dimethyl-2,5-dihydro-1,3,4-oxadiazole (37 mg, 0.2 mmol, 1.0 equiv), formaldehyde (0.16 mL, 37 wt % in H 2 O, 2.0 mmol, 10 equiv), and sodium borohydride (76 mg, 2.0 mmol, 10 equiv). An 88% NMR yield was calculated using 1,3,5-trimethoxybenzene (11 mg, 0.066 mmol, 0.33 equiv) as an internal standard. The crude mixture was purified via flash column chromatography (0−40% EtOAc in petroleum ether) to give the titled product as a colorless oil (16 mg . The data presented are consistent with literature precedent. 45 Synthesis of Benzimidazoles. General Procedure C for the Synthesis of Benzimidazoles. The procedure was a modification of the literature procedure from Jiao et al. 26 The reaction slug from general procedure A was collected into a round-bottom flask containing a biphasic solution of brine and toluene with stirring. Upon resting, the toluene phase was syringed out and injected into another open round-bottom flask charged with freshly activated 4 Å molecular sieves. The mixture was stirred for another 1 min before o-phenylenediamine (1.5 equiv) was added. The reaction mixture was then bubbled with one O 2 balloon and stirred at room temperature (30°C) for 12 h. Molecular sieves were filtered over filter paper, and the filtrate was concentrated under vacuum before being purified via flash chromatography with appropriate eluent combinations to afford the final benzimidazole derivatives.
2-(1,2,3,4-Tetrahydronaphthalen-2-yl)-1H-benzimidazole (5a). General procedure C was followed using 5′-methoxy-5′-methyl-3,4-dihydro-1H,5′H-spiro[naphthalene-2,2′- [1, 3, 4] 2-(Tetrahydrothiophene-3-yl)-1H-benzimidazole (5d). General procedure C was followed using 3-methoxy-3-methyl-4-oxa-7-thia-1,2-diazaspiro ; mp 230−232°C. tert-Butyl 4-(1H-Benzimidazol-2-yl)piperidine-1-carboxylate (5f). General procedure C was followed using tert-butyl 3-methoxy-3-methyl-4-oxa-1,2,8-triazaspiro ; mp 222−224°C. 2-(Adamantan-2-yl)-1H-benzimidazole (5h). General procedure C was followed using 5′-methoxy-5′-methyl-5′H-spiro[adamantane-2,2′- [1, 3, 4] 2-Cyclobutyl-1H-benzimidazole (5i). General procedure C was followed using 7-methoxy-7-methyl-8-oxa-5,6-diazaspiro 2-[1-(Furan-2-yl)propan-2-yl]-1H-benzimidazole (5m). General procedure C was followed using 2-(furan-2-ylmethyl)-5-methoxy-2,5-dimethyl-2,5-dihydro-1,3,4-oxadiazole (42 mg, 0.2 mmol, 1.0 equiv), formaldehyde (0.15 mL, 37 wt % in H 2 O, 2 mmol, 10 equiv), and o-phenylenediamine (32 mg, 0.3 mmol, 1.5 equiv). The crude mixture was purified via flash column chromatography (10−40% EtOAc in petroleum ether) to give the titled product as a white solid (34 ; mp 180−182°C. 2-(Hex-5-en-2-yl)-1H-benzimidazole (5n). General procedure C was followed using 2-(but-3-en-1-yl)-5-methoxy-2,5-dimethyl-2,5-dihydro-1,3,4-oxadiazole (37 mg, 0.2 mmol, 1.0 equiv), formaldehyde (0.16 mL, 37 wt % in H 2 O, 2.0 mmol, 10 equiv) and ophenylenediamine (32 mg, 0.3 mmol, 1.5 equiv). The crude mixture was purified via flash column chromatography (10−40% EtOAc in petroleum ether) to give the titled product as a white solid (29 mg, 73%). 1 2-(4,4-Dimethylhept-6-yn-2-yl)-1H-benzimidazole (5o). General procedure C was followed using 2-(2,2-dimethylpent-4-yn-1-yl)-5-methoxy-2,5-dimethyl-2,5-dihydro-1,3,4-oxadiazole (45 mg, 0.2 mmol, 1.0 equiv), formaldehyde (0.16 mL, 37 wt % in H 2 O, 2.0 mmol, 10 equiv), and o-phenylenediamine (32 mg, 0.3 mmol, 1.5 equiv). The crude mixture was purified via flash column chromatography (10−40% EtOAc in petroleum ether) to give the titled product as a white solid (19 a flow rate of 1.0 mL/min for 5 min (phase 1), and the reactor output was monitored using a Flow-IR device. The flow was switched to EtOAc for 10 min (phase 2). The column was then ready for the generation of the diazo compound.
Generation phase: A solution of hydrazone (2 mmol, 0.1 M) in EtOAc (20 mL) was passed through a conditioned column reactor (Omnifit column, 6.6 mm i.d. × 50 mm length) (phase 3) at a flow rate of 1.0 mL/min. When the Mettler Toledo FlowIR instrument (SiComp head) showed that the intensity of the diazo peak (region 2060−2080 cm −1 ) was stable, 4 mL of the stream of diazo was combined with 4 mL of aqueous formaldehyde (37 wt %, 1.0 mL/ min) in a UQ5102 Uniqsis Glass Static Mixer at room temperature. The output stream was extracted with extra EtOAc (20 mL × 2) and washed with water (20 mL). The combined organic phase was dried over MgSO 4 , concentrated under vacuum, and purified over silica gel using appropriate eluent combinations to yield the desired aldehyde.
2-(4-Chlorophenyl)acetaldehyde (7a). General procedure D was followed using (4-chlorobenzylidene)hydrazine (0.1 M in EtOAc, 1.0 mL/min) and formaldehyde (37 . The data presented are consistent with literature precedent. 46 2-(o-Tolyl)acetaldehyde (7c). General procedure D was followed using (2-methylbenzylidene)hydrazine (0.1 M in EtOAc, 1.0 mL/ min) and formaldehyde (37 wt % in H 2 O, 1.0 mL/min). The crude mixture was purified via flash column chromatography (0−20% EtOAc in petroleum ether) to give the titled product as a colorless liquid (31 mg 48 Synthesis of Alcohols from Aryl Hydrazones. General Procedure E for the Synthesis of Alcohols from Aryl Hydrazones. The reaction slug from general procedure D was extracted with extra EtOAc (20 mL × 2) and washed with water (20 mL). The combined organic phase was concentrated and redissolved in EtOH (8 mL). NaBH 4 (10 equiv) was added portionwise, and the reaction mixture was stirred for a further 1 h. The resulting mixture was then quenched with ice−water, extracted with ethyl acetae (2 × 20 mL), and washed with brine (2 × 20 mL). The organic phase was combined, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The remaining residue was purified via flash column chromatography with appropriate eluents to give the desired alcohol.
2-(4-Chlorophenyl)ethan-1-ol (8a). General procedure E was followed using (4-chlorobenzylidene)hydrazine (0.1 M in EtOAc, 1.0 mL/min), formaldehyde (37 wt % in H 2 O, 1.0 mL/min), and NaBH 4 (152 mg, 10.0 equiv). The crude mixture was purified via flash
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